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Abstract. The response of noctilucent clouds to the solar
particle event in January 2005 is investigated by means of
icy particle and ion chemistry simulations. It is shown that
the decreasing occurrence rate of noctilucent clouds derived
frommeasurementsoftheSCIAMACHY/Envisatinstrument
can be reproduced by one-dimensional model simulations if
temperature data from the MLS/Aura instrument are used.
The model calculations indicate that the sublimation of noc-
tilucent clouds leads to signiﬁcant changes of the water dis-
tribution in the mesopause region. These model results are
compared with H2O measurements from the MLS and the
MIPAS/Envisat satellite instruments. The pronounced mod-
elled water enhancement below the icy particle layer and its
decrease during the SPE are not observed by the satellite in-
struments. At altitudes >85km the satellite measurements
show an increase of H2O during the SPE in qualitative agree-
ment with the model predictions. The discrepancies between
model H2O and observations at lower altitudes might be at-
tributed to the one-dimensional model approach which in
particular neglects inhomogeneities and horizontal transport
processes. Additionally, it is revealed that the water depletion
due to reactions of proton hydrates during the considered so-
lar particle event has only a minor impact on the icy particles.
1 Introduction
It is well established that noctilucent clouds (NLCs) consist
of water ice particles which nucleate and grow at the low
polar summer mesopause temperatures (<140K). The grow-
ing particles sediment and become visible at ∼84km before
they eventually sublimate at lower altitudes (e.g. Turco et
al., 1982; Jensen and Thomas, 1988; Berger and von Zahn,
2002). Typical NLC radii are in the 10 to 80nm range (Rusch
et al., 1991; von Cossart et al., 1999; Robert et al., 2009). The
uptake of water at higher altitudes and its release at lower al-
titudes leads to a redistribution of water vapour inside and
well below the NLC layer (e.g. von Zahn and Berger, 2003).
The temperature measurements of L¨ ubken et al. (2009) in-
dicate that homogeneous ice nucleation can be possible at
the polar summer mesopause, see also Murray and Jensen
(2010). Condensation nuclei are believed to signiﬁcantly fa-
cilitate the formation of NLC particles, e.g. Gumbel and
Megner (2009); Megner and Gumbel (2009). Because the
particle cores are likely to be non-ice, the term “icy parti-
cles” instead of “ice particles” is used in the following. The
growth (or sublimation) rates of icy particles depend signif-
icantly on the temperature and on the ambient water vapour
pressure. Therefore, NLCs are sensitive to changes in both
temperature and water content of the mesopause region (e.g.
Jensen et al., 1989; Thomas et al., 1989; von Zahn et al.,
2004; Hervig and Siskind, 2006).
After the solar particle event (SPE) in January 2005, when
high-energetic protons and electrons of solar and magneto-
spheric origin entered the polar atmosphere, an abrupt de-
crease of NLCs was detected, and attributed to the observed
temperature increase at the same time (von Savigny et al.,
2007). Model studies of Becker and von Savigny (2010) have
shown that the increasing temperatures in the upper meso-
sphere after a SPE are due to changed dynamics: the SPE
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induced ozone loss in the lower mesosphere leads to reduced
heating rates which alter the thermal wind balance. This in
turn changes the ﬁltering of gravity waves in the mesosphere
and causes weaker ascent of air and reduced adiabatic cool-
ing of the NLC region. The systematic analysis of NLC oc-
currence rates and NLC albedo in relation with solar ener-
getic particle ﬂuxes by Rahpoe et al. (2011) indicates that
the effect of NLC depletion due to SPEs is not an exception.
However, only after major SPEs, as in July 2000 and Jan-
uary 2005, can the effects clearly be distinguished from the
generally high NLC variability.
Inaddition tothetemperatureimpact onNLCs,there isan-
other possible effect of SPEs due to the increasing ionisation.
Reactions of positive water-cluster ions lead to a conversion
of H2O into H+OH (Solomon et al., 1981). This water de-
pletion reduces the local water vapour pressure and poten-
tially affects the growth or sublimation of icy particles.
In this study we investigate the effect of the SPE in Jan-
uary 2005 on NLC by means of atmospheric icy particle and
ion chemistry simulations. The model makes use of temper-
ature measurements of the Microwave Limb Sounder (MLS)
instrument onboard NASA’s Aura satellite. The question of
changed atmospheric dynamics is not addressed here.
2 Description of icy particle growth
Whether an icy particle grows or shrinks depends on the im-
balance of the ambient water vapour pressure pw and the
equilibrium saturation pressure psat over the particle. For
mesospheric conditions, the radius growth rate dr/dt of a
spherical ice particle is given by (Hesstvedt, 1961):
dr
dt
=
α(pw −psat)
ρice
r
mw
2π kBT
(1)
where ρice ∼ 932kgm−3 is the density of water ice, mw is
the mass of a water molecule, kB is the Boltzmann constant,
T is the temperature in Kelvin, and α is the condensation
(or sublimation) coefﬁcient. Commonly, the value α = 0.83
(Gadsden, 1998) is used.
Due to the curvature of the particle’s surface, psat is higher
than the equilibrium vapour pressure over a plane ice surface
p∞. For a spherical particle, psat and p∞ are related through
the Kelvin equation (e.g. Skinner and Sambles, 1972):
psat = p∞ exp

2mwσ
kBTrρice

(2)
with σ being the surface tension of ice/vapour, and r the
particle radius. p∞ signiﬁcantly increases with temperature,
and due to the surface tension, psat increases with decreasing
particle size (Kelvin effect). To the authors best knowledge,
therearenodirectmeasurementsofthewatersaturationpres-
sure over ice of cubic structure in the range of the polar sum-
mer mesopause temperatures. For hexagonal ice there is a
useful ﬁt by Murphy and Koop (2005) for p∞ in Pascal valid
for temperatures down to 110K:
p∞ = exp(9.550426−5723.265/T (3)
+ 3.53068 ln(T)−0.00728332 T)
ThissaturationpressureisusedintheNLCmodelofBardeen
et al. (2010), and similar values based on the expression
ln(p∞) = 28.548−6077.4/T (±5% difference with respect
to Eq. (3) for T = 110–150K) have frequently been used in
NLC research, e.g. Jensen and Thomas (1988); Berger and
von Zahn (2002); Chu et al. (2003). Following these studies,
here the saturation pressure corresponding to hexagonal ice
is used.
The surface tension in Eq. (2) is both dependent on tem-
perature and particle radius, and can be expressed by Berger
and von Zahn (2002):
σ =
0.0141−1.5×10−4 T
1+0.3/r
(4)
– the resulting value is in units of Nm−1 for the particle ra-
dius r in nanometers. Equation (4) is a combination of the
temperature dependent ice-vapour surface tension (Hale and
Plummer, 1974) in the numerator, and a factor accounting for
the decrease of the surface tension with radius (1+2δ/r)−1
(Tolman, 1949). δ is an emperical factor for very small wa-
ter or ice particles for which the value δ = 1.5×10−10 m of
Turco et al. (1982) is used.
3 Nucleation
A molecular description of the formation of ice and icy parti-
cles would be desirable but is currently not available. There-
fore the classic droplet nucleation theory is widely used in
the ﬁeld of NLC research. In the framework of this theory
it is assumed that there is a steady state population of clus-
ter molecules, and the rate at which stable ice embryos are
formed, the nucleation rate, can be estimated through ther-
modynamic considerations (Keese, 1989; Pruppacher and
Klett, 1997).
The presence of pre-existing particles which act as con-
densation nuclei (CN) can signiﬁcantly facilitate the nucle-
ation (heterogeneous nucleation). A review of different sug-
gested CN candidates is given by Rapp and Thomas (2006).
A crucial and not well known parameter for the calculation
of the heterogeneous nucleation rate is the contact angle be-
tween the nucleus’ surface and the ice cap forming on the nu-
cleus. Due to their believed high abundance, meteoric smoke
particles have long been the “nuclei of choice” (Rapp and
Thomas, 2006). For typical summer mesopause conditions,
radii around 1nm are required for smoke particles to act
as CN (Gumbel and Megner, 2009). The model studies of
Megner (2010) have shown that the resulting NLC bright-
ness and NLC ice mass are only weakly dependent on the
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actual CN concentration, provided that there are enough CN
of 1nm radius, i.e. more than about 10cm−3. Height proﬁles
of CN based on the one-dimensional model studies of mete-
oric smoke particle formation and distribution by Hunten et
al. (1980) have been used in various NLC models (e.g. Turco
et al., 1982; Jensen and Thomas, 1988; Klostermeyer, 1998;
Berger and von Zahn, 2002). However, more recent global
model studies (Bardeen et al., 2008; Megner et al., 2008) in-
dicate that due to the meridional transport of meteoric mate-
rial, the smoke particle concentration at the summer pole is
signiﬁcantly smaller. As a consequence, the nucleation rates
of icy particles would be much smaller than previously as-
sumed. It has been suggested that the charging of smoke par-
ticles would facilitate the nucleation of icy particles by re-
ducing or removing the critical radius of nucleation and in-
creasing the wettability of the smoke particles (Gumbel and
Megner, 2009; Megner and Gumbel, 2009). Unfortunately,
not much is known about the charging properties of particles
in the sub-nanometer range.
4 Ion chemistry of the NLC region
Under quiet ionospheric conditions, the principal source of
ionisation at the summer mesopause is solar extreme ultravi-
olet radiation, in particular Lyman-α ionisation of nitric ox-
ide, and the typical charge density is of the order of 103 cm−3
(Gumbel et al., 2003). During a solar particle event, the pre-
cipitating energetic particles lead to signiﬁcantly increased
ionisation. For the SPE in January 2005 the charge density
exceeds 105 cm−3 (Sect. 7).
The lower thermosphere is primarily composed of O+
2 and
NO+. At lower altitudes, there is production of O+
4 via the
three-body reaction
O+
2 +O2 +M → O+
4 +M (R1)
This leads to the formation of cluster molecules, starting with
O+
4 +H2O → O+
2 (H2O)+O2 (R2)
From O+
2 (H2O), proton hydrates H+(H2O)n and other posi-
tive cluster ions are produced. There are different pathways
of cluster reactions involving proton hydrates, e.g.:
O+
2 (H2O)+H2O → H+(H2O)(OH)+O2 (R3)
H+(H2O)(OH)+H2O → H+(H2O)2 +OH (R4)
H+(H2O)2 +nH2O → H+(H2O)n+2 (R5)
H+(H2O)n+2 +e → H+(n+2)H2O (R6)
The net effect of the Reactions (R1)–(R6) is a depletion of
water:
O+
2 +H2O+e → O2 +H+OH (R7)
Note that this does not depend on the number of cluster-
ing steps (Reaction R5), i.e. the size of the proton hydrates.
There are related reactions involving proton hydrates which
also lead to a conversion of H2O into H+OH (Solomon et
al., 1981). The ion chemical water depletion is expected to
increase with the increasing ionisation during a SPE, and
potentially affects icy NLC particles by lowering the ambi-
ent water vapour pressure. However, while the relative abun-
dance of water-cluster ions below ∼80km is large, the pos-
itive ion chemistry at higher altitudes is dominated by O+
2
and NO+. As a matter of coincidence, the transition from ion
cluster molecules to molecular ions takes place in the altitude
region of the icy particles (Friedrich and Torkar, 1988) and
the efﬁciency of water depletion decreases drastically with
height (Solomon et al., 1981).
There is an additional interference between ion chemistry
and NLCs. In the presence of icy particles, so-called bite outs
in the electron density are observed (Ulwick et al., 1988).
The decreased free electron densities are due to the charge
capture by the icy particles (Reid, 1990). Under quiet iono-
spheric conditions, there are pronounced electron bite outs
in the icy particle layer, and the growth rate of proton hy-
drates can be enhanced (Gumbel and Witt, 2002). However,
for higher ionisation rates as during a SPE, the electron den-
sity overwhelms the icy particle density and the effect of par-
ticle charging is of minor importance (Gumbel et al., 2003).
5 Measurement data
Data originating from different satellite instruments are used
in this study:
1. The NLC occurrence rates originate from ultraviolet
limb radiance measurements by the Scanning Imag-
ing Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY) (Bovensmann et al., 1999).
SCIAMACHY is onboard ESA’s Envisat spacecraft in
a sun-synchronous orbit. The local time windows of
the measurements at 70–80◦ S used for this study are
11:30p.m.–03:00a.m. and 05:00–8.30a.m. Used are
daily mean zonally averaged NLC occurence rates. The
data set is the same as the one shown in von Savigny
et al. (2007). For further details on the SCIAMACHY
NLC observations see von Savigny et al. (2004).
2. The Microwave Limb Sounder (MLS) onboard NASA’s
Earth Observing System Aura satellite provides several
data products. For the purpose of this study, temper-
ature (Schwartz et al., 2008) and water (Read et al.,
2007; Lambert et al., 2007) are used (data product ver-
sion 3.3). The local time windows of the measurements
at 70–80◦ S used for this study are 03:15–05:15p.m.
and 10:05p.m.–00:00. Used are daily mean zonally av-
eraged values. The MLS data are retrieved on pressure
levels.Inordertoconvertthemtogeometricaltitude,the
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MLS geopotential height (Schwartz et al., 2008) is used.
The geometric altitude z and the geopotential height H
are related as
z =
H
1−H/RE
(5)
where RE is the radius of the Earth (6378.1370km).
Equation (5) follows from the deﬁnition of the geopo-
tential height, e.g. Andrews et al. (1987), and the
inverse-square law of gravity. The vertical resolution of
MLS water and temperature in the NLC altitude region
is of the order 8–15km. This resolution does not allow
the NLC layer to be resolved, but the measurements
provide valuable information about the average condi-
tions of the NLC region. In particular, the temperature
increase after the SPE is clearly observed (as already
shown in the paper of von Savigny et al., 2007).
3. The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) onboard Envisat observes infrared
emissions from water molecules with high resolution
up to the mesopause. The water vapor abundance used
here is derived from MIPAS spectra using the IMK/IAA
(Institut f¨ ur Meteorologie und Klimaforschung/Instituto
de Astrof´ ısica de Andaluc´ ıa) data processor, which in-
cludes the GRANADA non-local thermodynamic equi-
librium algorithm (von Clarmann et al., 2003). This al-
lows for accurate H2O retrievals in the atmospheric re-
gions where its emissions are affected by non-LTE, i.e.
above 50km and particularly in the polar summer. Used
are daily mean zonally averaged values. The local time
windows of the measurements at 70–80◦ S used for this
study are 11:30p.m.–03:00a.m. and 05:00–08:30a.m.
The vertical resolution is about 6km in the NLC alti-
tude region.
6 Model description
6.1 Background atmosphere
For the studies presented here, a one-dimensional model of
the altitude range 75–91km at latitude 75◦ S is used. It is ini-
tialised with trace gas proﬁles for polar summer conditions
from a two-dimensional atmospheric chemistry and transport
model (Winkler et al., 2009), and it has the same photochem-
istry routines. The transport of the trace gases is calculated
by solving the one-dimensional advection-diffusion equation
for the mixing ratio X at time t and altitude z (Jensen et al.,
1989):
∂X
∂t
= −

w+
Kz
H

∂X
∂z
+Kz
∂2X
∂z2 (6)
where w is the vertical wind speed, H the atmospheric scale
height, and Kz the diffusion coefﬁcient. Molecular diffusion
is neglected, and for Kz the eddy diffusion coefﬁcient proﬁle
for polar summer conditions from Table 3 in L¨ ubken (1997)
is used. The vertical wind is assumed to linearly increase
from 1.5cms−1 at 75km to 4cms−1 at 85km, and then lin-
early decrease to 2cms−1 at 91km. This resembles the ver-
tical wind proﬁle of Rapp and Thomas (2006). Equation (6)
is solved by the means of the Crank-Nicolson mass operator
scheme (Fletcher, 1988) on an equidistant grid of 50m reso-
lution. The transported constituents are: H2O, CH4, H, OH,
HO2, O3, O, N, and NO.
An important model parameter is the water mixing ratio
at the lower boundary at 75km. It is prescribed by H2O val-
ues from either MLS or MIPAS measurements poleward of
70◦ S. A note: the vertical resolution of both satellite instru-
ments is several to many km (Sect. 5). In principle it could be
possible that due to the vertical averaging, the measurement
data would miss an effect of the SPE at 75km which due to
upward transport would affect the water concentration in the
model domain. However, simulations (not shown) of the Jan-
uary 2005 SPE with the two-dimensional model described in
Winkler et al. (2009) have revealed that the impact on H2O
at altitudes ∼70–78km is small. This justiﬁes use of a ﬁxed
H2O at the lower model boundary.
6.2 Icy particle model
The NLC particles are simulated as spherical icy particles.
Their growth and shrinkage according to Eq. (1) is calculated
by an Eulerian approach (advection in the radius domain).
The numerical method is the same as in the model of Toon
et al. (1988). Considered are 20 non-equally spaced radius
bins from 3 to 305nm. The bin size distribution is geomet-
ric; the center radius of the i-th bin is ri = r1 ×2(i−1)/3 with
r1 ∼3.4nm.
The model accounts for photodecomposition of water
molecules at the surface of the NLC particles due to Lyman-
α radiation (Murray and Plane, 2005), assuming Mie absorp-
tion and a unity quantum yield for production of H+OH. The
absorptioncoefﬁcientshavebeencalculatedwiththeMiePlot
program (Laven, 2003), using the complex refractive index
1.3963+0.24i for ice at 121nm (Warren, 1984).
The NLC transport processes considered are sedimenta-
tion, advection and diffusion. Following Berger and von
Zahn (2002), an effective eddy diffusion coefﬁcient of Kz/4
has been assumed for the icy particles. The sedimentation
speed is calculated using the formula of Reid (1975). For
model runs covering more than a few days, the effect of
the meridional transport has to be considered. Therefore, a
removal rate of 2×10−6 s−1 for the NLC particles due to
meridional winds is used. This corresponds to a removal time
constant of about 5 days, and is in agreement with typical
meridional wind speeds of 5ms−1 in the upper mesosphere
(Singer et al., 2005) and a latitudinal extent of the NLC re-
gion of 20◦.
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Table 1. UBIC species.
Cations N+, N+
2 , NO+, NO+
2 , O+, O+
2 , O+
4 , O+
5 , H+, CO+, CO+
2 , HCO+,
H2O+, O+
2 (H2O), H+(H2O)n=1...10, H+(H2O)(OH), H+(H2O)(CO2),
H+(H2O)2(CO2), H+(H2O)(N2), H+(H2O)2(N2), NO+(H2O),
NO+(H2O)2, NO+(H2O)3, NO+(CO2), NO+(N2), NO+(H2O)(CO2),
NO+(H2O)2(CO2), NO+(H2O)(N2), NO+(H2O)2(N2), NO+
2 (H2O)n=1,2
Anions e, X−
Neutrals N(4S), N(2D), N2, O(3P), O(1D), O2, O3, NO, NO2, NO3, N2O,
H, H2, OH, HO2, H2O, CH4, CH3, CO2, CO
The model uses MLS temperatures. It is not possible to de-
rive reliable information about the diurnal temperature vari-
ations from the MLS data because the effect of the chang-
ing geolocation of the measurements mixes with temporal
changes. In order to account for the pronounced diurnal and
semi-diurnal variations of NLCs (von Zahn et al., 1998; Chu
et al., 2001), at altitudes >81km temperature variations are
superimposed on the daily mean MLS temperatures. Based
on the harmonic ﬁt parameters of Chu et al. (2003), the phase
of the diurnal and the semi-diurnal temperature variations are
9h and 1.5h, respectively. The amplitudes of both diurnal
and semi-diurnal variation are 2K. These values have been
chosen to reproduce the diurnal temperature variations of the
Forbes and Gillette (1982) model at 60◦ S at the December
solstice, see Fig. 3 in Jensen et al. (1989). As disscused in
Jensen et al. (1989), the model of Bjarnason (1987) predicts
larger tidal amplitudes of ∼4K for 65◦ N during summer.
This is in agreement with temperature observation at the po-
lar summer mesopause in the Northern Hemisphere (Singer
et al., 2003; Stevens et al., 2010). We have performed addi-
tional model simulations with a diurnal amplitude of 4K, and
a semi-diurnal amplitude of 2K. The results of these simula-
tions (not shown) do not differ signiﬁcantly from the results
assuming a 2K diurnal amplitude, and would not change
the conclusions drawn here. The diurnal variations in ver-
tical winds and eddy diffusion have only minor effects on
NLCs (Jensen et al., 1989), and are therefore neglected. To
account for the temperature difference between particles and
the ambient air (e.g. Rapp and Thomas, 2006), a linear tem-
perature increase with radius has been assumed, reaching 1K
for a particle of 60nm radius. The model does not simu-
late condensation nuclei. For simplicity, a constant number
density of 100cm−3 icy particles in the smallest radius bin
(3–3.8nm) is prescribed. The advantage of this approach is
that it avoids assumptions concerning the CN size distribu-
tion and the wettability (see Sect. 3). Complementarily, test
simulations have been performed with a calculated heteroge-
neous nucleation rate of particles in the smallest radius bin
according to classic droplet nucleation theory using the pa-
rameters given by Rapp and Thomas (2006). For this pur-
pose, a CN size distribution n(r) = n0exp(−r/r0) was as-
sumed, where n(r) is the number density of CN of radius
r. The parameters n0 = 2×105 cm−3 and r0 = 0.11nm were
estimated from Fig. 7 in the article of Megner and Gumbel
(2009). Note that these values are based on two-dimensional
transport simulations (Megner et al., 2008) and result in sig-
niﬁcantly less CN than, e.g. in the studies of Klostermeyer
(1998)andRappandThomas(2006).Therefore,theCNhave
to have a very high wettability to cause sufﬁcient formation
oficyparticles.Forsimplicity,perfectwettabilityisassumed.
Figure 1 shows the modelled icy particle distribution during
one day. The model version with ﬁxed 100cm−3 icy particles
in the smallest radius bin yields generally more NLC parti-
cles and slightly larger ice density than the model run with
calculated nucleation. However, the general NLC pattern is
the same in both model versions. While the number density
of icy particles peaks at ∼86km, the highest ice density oc-
curs about 3km lower in the atmosphere. This is due to the
sedimentation of the growing particles. There are two local
maxima of the total ice mass in agreement with NLC obser-
vations at the South pole (Chu et al., 2003). The particle radii
(not shown) are largest in the altitude range 80–83km. At
81.5km, the mean particle radius varies between 30nm and
80nm, being largest during the second ice mass maximum in
the afternoon. The fraction of particles with radius >120nm
is always smaller than 1%. All of this applies to both model
versions. In order to avoid the aforementioned uncertainties
concerning the nucleation process, in the following only re-
sults from the model with prescribed 100cm−3 icy particles
in the smallest radius bin are shown. Model runs (not shown)
withnumberdensitiesintherange10–1000cm−3 donotgive
signiﬁcantly different results, in accordance with the ﬁndings
of Megner (2010).
6.3 Ion chemistry model
The effect of the precipitating protons and electrons during
the SPE is accounted for by ionisation rates from AIMOS
(Atmospheric Ionization Module Osnabr¨ uck) (Wissing et al.,
2009). The ion reactions are simulated with the University
of Bremen Ion Chemistry (UBIC) model. The UBIC version
used here differs in some respects from the one of Winkler
et al. (2009). It accounts only for positive ions being rele-
vant in the mesosphere and lower thermosphere, electrons,
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Icy particle distribution
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Fig. 1. Modelled icy particles at 75◦ S during the period of one day
(14 January). The black contour lines indicate the total number of
icy particles per cm3, and the ﬁlled color contours show the total
ice mass in units of 10−15 gcm−3. The particles in the smallest
radius bin are excluded. Upper panel: simulation with prescribed
100cm−3 icy particles in the smallest radius bin. Lower panel: sim-
ulation with calculated heterogeneous nucleation assuming perfect
wettability of the CN (for details see Sect. 6.2).
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Fig. 2. Zonal mean ionisation rate due to precipitating protons and
electrons averaged between 72–82◦ S for days 7–38 of year 2005
originating from the AIMOS model (Sect. 6.3).
and a pseudo-species X−. The latter stands for all negative
atoms and molecules. Table 1 lists the species included in
the model. The negative ion chemistry is not resolved. This
is a suitable approach as most of the negative charges are
free electrons in the altitude region of interest. Proton hy-
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Fig. 3. Zonally averaged daily mean MLS temperature for latitudes
70–80◦ S for days 7–38 of year 2005.
drates H+(H2O)n up to n = 10 are included in the model.
For the conditions considered in this study, the concentra-
tion of heavier proton hydrates turned out to be negligible.
For the growth of proton hydrates, H+(H2O)n +H2O →
H+(H2O)n+1, a Langevin reaction rate of 10−9 cm3 s−1 is
applied as the cluster growth turns from temperature de-
pendent three-body reactions into second order reactions at
lower temperatures (Lau et al., 1982). Following Gumbel et
al. (2003), the rate coefﬁcients for unimolecular decomposi-
tion of the proton hydrates are determined by detailed bal-
ancing between cluster growth and decomposition. The rate
coefﬁcients for recombination of small proton hydrates with
electrons given by Leu et al. (1973) are used, and for n ≥ 6
they are taken to be 2.9×10−6 √
300/T n1/3 cm3 s−1 re-
producing the size-dependence proposed by Gumbel et al.
(2003).
In order to account for the effect of electron capture by
icy particles, the latter are allowed to get negatively charged.
The charge capture is not simulated in detail. It is simply
assumed that icy particles instantaneously acquire one ele-
mentary charge (provided that the electron density is high
enough).
7 Results
The two main forcings during the SPE in January 2005 are
ionisation and temperature increase. Figure 2 displays the
ionisation rates due to precipitating protons and electrons.
There is signiﬁcantly increased ionisation during 16–22 Jan-
uary with highest values on 18 January. In Fig. 3 the MLS
temperatures are depicted. All MLS data shown in this sec-
tion are daily mean zonally averaged values. Averaged are
all MLS measurements in the latitude band 70–80◦ S dur-
ing one day. Used are MLS proﬁles from both the acsending
(03:15–05:15p.m.) and the descending node (10:05p.m.–
00:00). Similarly, the SCIAMACHY and MIPAS data pre-
sented are averages of all measurements in the latitude band
70–80◦ S during one day. All of these measurements fall in
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Fig. 4. Upper panel: (black solid line) zonally averaged (70–80◦ S)
daily mean MLS temperature averaged between 80–90km, and
(blue line) zonally averaged (72–82◦ S) daily mean ionisation rate
averaged between 80–90km. Lower panel: (red line with crosses)
daily mean NLC occurrence rate from SCIAMACHY measure-
ments (70–80◦ S), and (dashed black line) MLS temperature with
reversed axis orientation.
the time periods 11:30p.m.–03:00a.m. and 05:00–8.30a.m.
Figure4showsbothionisationrateandtemperatureaveraged
between 80 and 90km (top) as well as the NLC occurrence
rate derived from SCIAMACHY measurements in compari-
son with the varying temperature (bottom). Note that there is
a time lag between the highest ionisation and the temperature
maximum on 21–23 January. There is a clear anti-correlation
of temperature with the observed NLC occurrence rate. The
latter starts to decrease after 15 January, when both ioni-
sation and temperature increase. In order to assess the im-
pacts of the two factors, model simulations have been per-
formed. Unless otherwise stated, the water mixing ratio at
the model’s lower boundary at 75km is prescribed by zonally
averaged daily mean MLS measurements. As a ﬁrst step, the
modelwasrunwithMLStemperaturesbutwithoutionchem-
istry. Figure 5 shows the resulting distribution of icy parti-
cles during the January 2005 SPE. Due to the temperature
increase, there is signiﬁcant sublimation of icy particles, and
their number density is drastically reduced, in particular dur-
ing the temperature maximum on 21–23 January. There is a
weak recovery of icy particles during 24–25 January, another
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Fig. 5. Modelled icy particles at 75◦ S around the SPE January 2005
with MLS temperatures, and without ion chemistry (see text for de-
tails). The solid contour lines show the total number of icy particles
per cm3, and the color contours depict the total ice mass in units of
10−15 gcm−3. The particles in the smallest radius bin are excluded.
minimum on 27 January, followed by increasing ice density
and again a decrease towards 7 February (38th day of year).
The daily satellite data used here are averages of all ob-
servations in limited time windows corresponding to the
satellites’ overpass times. For the purpose of comparison,
the model output has been averaged over these time win-
dows. For the comparison with MLS, the model was aver-
aged over 03:15–05:15p.m. and 10:05p.m.–00:00. For SCI-
MACHY and MIPAS comparison, the model was averaged
over 11:30p.m.–03:00a.m. and 05:00–8.30a.m.
Figure 6 displays the total icy particle column and the total
ice column as a function of time from different model runs in
comparison with the SCIAMACHY NLC occurrence rates.
The model results are in general agreement with the SCIA-
MACHY occurrence rates, the NLC decrease after January
15th and also the smaller peaks after the SPE are reproduced
by the simulation. However, the model overestimates the ef-
fect of sublimation and predicts a complete disappearance of
icy particles during the temperature maximum on 21–23 Jan-
uary in contrast to the SCIAMACHY data. Therefore, addi-
tional model runs have been performed with reduced tem-
peratures, also indicated in Fig. 6. If the MLS temperatures
are lowered by a few Kelvin, the model results agree better
with the observations. In particular the complete sublimation
of particles during 21–23 January is avoided with MLS tem-
peratures lowered by 2 or 5K. In the following, results from
model runs with MLS temperatures minus 2K are shown.
2K is well inside the uncertainties of the MLS data in the
considered altitude range. The precision of individiual MLS
temperature proﬁles is about ±2.5K, and there is a modelled
bias uncertainty of (2±3)K (Schwartz et al., 2008). The fact
that our model results agree better with the NLC observa-
tions if the MLS temperatures are lowerd by 2K does not
necessarily mean that the MLS temperatures are too high.
It might be that the simple one-dimensional model using
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Fig. 6. Upper panel: total column of icy particles in units of
106 cm−2 for three model simulations at 75◦ S with different tem-
peratures: (black line) MLS temperature ﬁeld, (blue line) MLS tem-
peratures minus 2K, and (green line) MLS temperature minus 5K
as well as (red dots) NLC occurrence rate from SCIAMACHY mea-
surements. Lower panel: as the upper panel, but total ice column in
units of 10−9 gcm−2. The particles in the smallest radius bin are
excluded. The model results are averages for the time period of the
SCIAMACHY measurements (Sect. 5).
zonally averaged daily mean temperatures overestimates the
icy particle sublimation as it neglects variations of the three-
dimensional temperature ﬁeld, and three-dimensional trans-
port. On the other hand, Hervig and Gordley (2010) have
pointed out that for limb measurements, the retrieved tem-
perature is a line-of-sight mean which is indeed generally
higher than the ice temperature. Compared to temperature
data from the SABER (Sounding of the Atmosphere using
BroadbandEmissionRadiometry)instrument(Mlynczakand
Russell, 1995) the MLS temperature has a negative bias un-
certainty of up to 9K (Schwartz et al., 2008). MLS tempera-
tures in combination with SABER data have been used in the
assimilation system NOGAPS-ALPHA (Hoppel et al., 2008;
Eckermann et al., 2009). A comparison of the MLS temper-
atures used in our study with the corresponding assimilated
temperatures (not shown) does not reveal a clear pattern. The
MLS temperatures tend to be smaller (typically 1–3K) than
the assimilated ones. However, during the temperature max-
imum on 21–23 January, the NOGAP-ALPHA temperatures
are smaller (1–4K) than the MLS temperatures. The differ-
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Fig. 7. Modelled daily mean water mixing ratio [ppm] at 75◦ S
around the SPE January 2005.
ences might partly be due to fact that the temperatures used
here are MLS data version 3.3 whereas the assimilation sys-
tem used version 2.2. No ﬁnal conclusion can be drawn from
this comparison without further investigation.
Corresponding to the changing icy particle abundance dur-
ing and after the SPE, there is a signiﬁcant impact on the
modelled water distribution. Before the SPE, the water abun-
dance just below the icy particle layer is signiﬁcantly en-
hanced, see Fig. 7. Between 80–82km, the H2O mixing ra-
tion reaches 11ppm, compared to ∼6ppm after the icy parti-
cles have disappeared. At higher altitudes the uptake of water
by the icy particles reduces the water concentration, and due
to the sublimation of the icy particles during the SPE, the
water abundance increases, e.g. from ∼0.5 to ∼5.5ppm at
86km. The MLS water measurements (Fig. 8) do not show
such a pronounced effect. However, due to the limited verti-
cal resolution of the MLS measurements, small-scale struc-
tures are not expected to show up in the MLS data. For
comparison, Fig. 8 also depicts the modelled water verti-
cally smoothed with a 12km boxcar function. The smoothed
model result still shows a stronger effect than the MLS data.
There is a moderate increase of the MLS water mixing ra-
tio during 19–22 January at higher altitudes. The pronounced
modelled water enhancement below the icy particle layer and
its decrease during the SPE cannot be seen in the MLS data.
The slight decrease of MLS H2O at altitudes <80km dur-
ing the SPE should not be considered sigiﬁcant. At altitudes
>85km MLS shows an increase of H2O during the SPE in
agreement with the model results. However, the observed
H2O increase is smaller than the modelled one. The discrep-
ancies between model H2O and observations might be due to
missing transport processes in the model, e.g. through merid-
ional winds, which should reduce the effect of freeze-drying
and water redistribution to lower altitudes.
While the MLS H2O mixing ratio at 75km is of the or-
der 7.5ppm, the MIPAS H2O mixing ratio at that altitude is
∼5.5ppm. Therefore, additional model runs have been per-
formed with the MIPAS value at the model’s lower boundary.
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Fig. 8. Water mixing ratio [ppm] at 75◦ S around the SPE Jan-
uary 2005. Upper panel: daily mean zonally averaged (70–80◦ S)
MLS water vapor. Lower panel: model water as in Fig. 7 but
smoothed with a 12km boxcar function to account for the vertical
resolution of the MLS measurements.
Due to the lower water abundance, the modelled icy particle
abundance (Fig. 9) is smaller than in the simulations with
MLS water, and the recovery on 24–25 January is weaker
(compare Fig. 9 and Fig. 5). The agreement with the NLC
occurrence rate can be improved by further reducing the tem-
peratures, e.g. by 5K (not shown). From this indirect com-
parison, incorporating MLS temperatures, it should not be
concluded that the MLS H2O mixing ratios at 75km are
closer to the “true value” than the MIPAS data. The only
conclusion is: provided that H2O at 75km is 5.5ppm (MI-
PAS), the model temperatures have to be lower (∼MLS mi-
nus 5K) than in the MLS case (∼7.5ppm; ∼MLS minus
2K). It has to be taken into account that the MLS mesopause
altitude is about 4km higher than the MIPAS mesopause al-
titude (Garc´ ıa-Comas et al., 2011). This might cause the dif-
ference between MIPAS and MLS water. A comparison of
the MIPAS water measurements with smoothed model re-
sults can be seen in Fig. 10. Unfortunately, MIPAS data are
only available for a few days in January 2005. Before the
SPE, during the days 10–13 January there is good agreement
between the smoothed model data and MIPAS H2O. For 21–
22 January, MIPAS shows slightly increased water mixing
ratios, especially at altitudes 84–87km. The water decrease
at lower altitudes at the same time predicted by the model
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Fig. 9. Same as Fig. 5 but here for a model run with 5.5ppm H2O
at 75km corresponding to the MIPAS value.
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Fig. 10. Water mixing ratio [ppm] around the SPE January 2005
corresponding to Fig. 9. The ﬁlled color contours at days 10–13 and
21–22 show daily mean MIPAS water (70–80◦ S) and the contour
lines show the model H2O smoothed with a 6km boxcar function
to account for the vertical resolutions of the MIPAS measurements.
is not present in the MIPAS data. Again, this discrepancy
might be attributed to missing transport processes in the one-
dimensional model.
Although the model simulations indicate that the increas-
ing temperatures after the SPE nicely explain the observed
decrease of NLCs, additional ion chemistry simulations have
been undertaken to study the effect of the ion-induced wa-
ter depletion. The total charge density during the SPE is dis-
playedinFig.11.Whilethechargedensityexceeds105 cm−3
at high altitudes, it is signiﬁcantly smaller below ∼83km.
The relative abundances of the most important ion species
are shown in Fig. 12. During the SPE, the contribution of
charged icy particles is small, and their effect on the ion
chemistry is negligible. Proton hydrates, which drive the ion
chemical water depletion, are a signiﬁcant fraction of the
total charge density below ∼80km but their abundance de-
creases signiﬁcantly with altitude. As a consequence, the wa-
ter depletion rate is small above approximately 83km, see
Fig. 13. The resulting effect on the icy particles is shown
in Fig. 14. It is small compared to the temperature impact
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Fig. 12. Modelled daily mean relative abundance of the most impor-
tant ions as a function of altitude on 18 January at 75◦ S. Note that
the ratio of negatively charged icy particles is increased by a factor
of ten.
(Fig. 5). Figure 15 shows the H2O difference between a
model run with ion chemistry and a model run without ion
chemistry. The effect is clearly smaller than the water redis-
tribution caused by the temperature induced sublimation of
the icy particles (Fig. 7). The smoothed model water from the
ion chemistry run does basically not differ from the model
runwithoutionchemistryandisthereforenotshown.Finally,
Fig. 16 compares the icy particle column and the ice column
from model runs with and without ion chemistry. There is
only a small additional decrease of icy particles due to the
ion chemical water depletion, largest on 18 January when
the ionisation rate is highest. Compared to the temperature
impact, the effect of ion induced water loss on the icy parti-
cles is small for the considered SPE, e.g. changing the MLS
temperature by 2K has a larger effect on the icy particles
than the ion chemical water loss.
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Fig. 13. The modelled rate of water depletion at 75◦ S in units of
ppm per day due to ion chemistry.
Impact of ionisation on icy particles
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8 Summary and conclusions
It was shown that the one-dimensional model of icy parti-
cles is able to reproduce the observed decrease of NLCs after
the SPE of January 2005 if MLS temperatures are used. The
governing effect is the sublimation of icy particles due to in-
creasing temperatures. Additionally, model calculations in-
dicate that reactions of proton hydrates lead to a depletion of
water which in turn reduces the growth rate of icy particles or
facilitates their sublimation. But due to the fact that the abun-
dance of proton hydrates is small in the growth region of the
icy particles, the impact of the ion chemical water depletion
on NLC occurrence is small compared to the temperature ef-
fect. In order to cause a greater impact, the ionisation rates
below ∼83km would have to be higher than during the SPE
considered here. Corresponding to the decrease of icy parti-
cles during and after the SPE, the model indicates there are
considerable changes of the water proﬁle. Before the SPE,
the freeze-drying of the NLC layer and the redistribution
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Fig. 16. Upper panel: total column of icy particles in units of
106 cm−2 for (green) simulation without ion chemistry, and (blue)
simulation including the ion chemistry model (UBIC) at 75◦ S as
well as (red dots) the SCIAMACHY daily mean NLC occurrence
rate (70–80◦ S). Lower panel: as the upper one but showing the to-
tal ice column in units of 10−9 gcm−2.
of water to lower altitudes leads to an H2O mixing ratio of
11ppm just below the NLC layer (an enhancement by a fac-
tor ∼2) and to a decrease at higher altitudes (by more than
one magnitude at 86km). Even if the vertical resolution of
the MLS and MIPAS water measurements are taken into ac-
count, there are signiﬁcant differences between the observed
and the modelled water distribution especially just below the
icy particle layer. The model predicts stronger gradients and
more pronounced changes during the SPE than observed by
the satellite instruments. This might be attributed to the sim-
ple one-dimensional model approach which in particular ne-
glects inhomogeneities and horizontal transport processes.
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